Introduction
Whole-genome sequencing (WGS) of microbes employing next-generation sequencing (NGS) technologies enables pathogen identification, differentiation, and surveillance on an unprecedented scale and level of resolution; thereby, profoundly impacting diagnostic microbiology and public health. To fully capitalize on the benefits of greater sequencing capacity, faster sequencing technologies and lower per-genome costs, rapid and robust NGS library construction workflows are needed to support both de novo and re-sequencing applications.
A major focus area in NGS library construction for microbial WGS has been the elimination of mechanical shearing, which requires expensive, specialized equipment and consumables, and is both laborious and difficult to scale. Alternatively, enzymatic fragmentation solutions based on transposases ("tagmentation") or mixtures of DNA endonucleases and nicking enzymes, offer significant benefits in terms of throughput and turnaround times. However, these often come at a cost to reproducibility, control over fragment length, and sequence data quality (coverage depth and uniformity), particularly for organisms with extreme (highly GC-or AT-rich) genomic content.
The KAPA HyperPlus Kit (Roche Sequencing Solutions, Inc.) is a robust and versatile kit for the construction of DNA libraries for sequencing on Illumina ® instruments from a range of sample types and inputs (1 ng -1 µg). The streamlined, one-tube workflow, which includes enzymatic fragmentation with a novel enzyme cocktail, offers the speed and convenience of tagmentation-based methods, but the control and performance of ligationbased library construction from Covaris ® -sheared DNA.
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Experimental design
Current Illumina ® library construction methods employing nonmechanical solutions for DNA fragmentation have three key limitations, namely: (i) poor control over fragment length, which is related to sensitivity with respect to DNA input; (ii) low library construction efficiency; and (iii) sequence biases, introduced during fragmentation and/or compulsory library amplification. Combined, these factors limit the amount and alter the representation of input DNA that is converted to usable reads, ultimately affecting coverage depth and uniformity, and the quality and completeness of de novo genomes.
To address these concerns and illustrate the benefits of the HyperPlus workflow in the production of high-quality libraries for microbial WGS, we sequenced the genomic DNA of three bacteria from whole genome shotgun libraries prepared using four different fast library construction strategies. The four methods were compared with respect to key library construction, sequencing, and de novo assembly metrics. The bacterial species (Figure 1 ), Clostridium difficile (29% GC), Escherichia coli (51% GC), and Bordetella pertussis (68% GC), are all relevant for human health and were selected to represent a wide range of genomic GC content.
Library preparation methods are summarized in Unless indicated otherwise, library construction was performed with reagents supplied in the respective library preparation kits, following standard protocols. 
100K Pathogen Genome Project Workflow
High-molecular weight genomic DNA was extracted from cultured bacterial isolates; and DNA concentration and quality assessed using previously described methods (Kong, et al., Agilent Technologies Application Note 5991-3722EN; Jeannotte, et al., Agilent Technologies Application Note 5991-4003EN). Input into library construction ranged between 200 -400 ng.
Libraries were prepared with the KAPA HyperPlus Kit according to the manufacturer's instructions. DNA was fragmented enzymatically for 10 min at 37°C. NEXflex-96 DNA Barcodes (Bioo Scientific; Austin, TX) were used for adapter ligation. Beadbased size selection (0.6 -0.8X) was performed after the postligation cleanup. Libraries were amplified with KAPA HiFi HotStart ReadyMix and KAPA Library Amplification Primer Mix for Illumina ® (Roche), using 8 cycles of amplification.
Library size distributions were confirmed with a 2100 Bioanalyzer instrument and Agilent ® High Sensitivity DNA Kit. The KAPA Library Quantification Kit for Illumina platforms was used for qPCR-based library quantification, prior to normalization and pooling (96 libraries/lane), for 2 x 100 bp paired-end sequencing on a HiSeq ® 2500 Sequencer, using v4 HiSeq SBS and Cluster Kits (Illumina; San Diego, CA).
Reads were de-multiplexed and basic quality control performed. De novo assembly and annotation were carried out using Abyss and Prokka, respectively.
Results and discussion

Comparative library construction metrics
Average yields of purified, amplified libraries for the HyperPrep and HyperPlus workflows ranged between 190 -290 ng for all three bacterial species, whereas yields for the NEBNext and Nextera workflows were significantly lower (20 -150 ng) and more variable ( Table 2) . When taking the number of amplification cycles into account, the NEBNext workflow performed worst. Yields obtained with the Kapa workflows were much higher than needed for library QC and multiplexed sequencing (theoretically, ~30 ng of each library would have sufficed), indicating that the number of amplification cycles could have been reduced by 2 -3 cycles for these workflows. Higher consistency across species suggests that the HyperPrep and HyperPlus workflows are more robust, and better suited for high-throughput pipelines than the NEBNext and Nextera methods. Electropherograms of final libraries generated with each of the four workflows are given in Figure 2 . Mode fragment lengths from the electrophoretic analysis vs. mode insert sizes calculated from trimmed, aligned reads are summarized in Table 3 .
Fragment lengths determined with the Bioanalyzer for sizeselected libraries prepared with ligation-based methods (HyperPrep, HyperPlus, and NEBNext) were within the expected range of 600 -800 bp, and very similar for all three of the bacterial species. In contrast, Nextera libraries had a mode library fragment length >1 kb, and displayed a wide variation across bacteria. Since long library molecules are not expected to cluster and sequence efficiently, the effective yield of sequenceable library achieved with the Nextera workflow is lower than reflected in Table 2 . 
Sequencing metrics
The four library construction methods used in this study were compared with respect to three key sequencing metrics, namely start site bias, GC bias, and coverage uniformity. Biases associated with fragmentation-which has traditionally been a concern with non-mechanical methods-and bias introduced during library amplification are two major factors that impact the depth and uniformity with which genomes are covered. Typically, genomic regions with a balanced GC content are "easy" to sequence, resulting in surplus coverage for these regions-at the expense of AT-and GC-rich regions, which are underrepresented or often absent from draft genomes.
Start site complexity plots (Figure 3) show the nucleotide content of all aligned reads in a 40-bp window (-10 to +30 bp) relative to the alignment start. As expected, the HyperPrep workflow, which employed mechanical shearing, displayed the least amount of start site bias for all three bacteria, whereas enzymatic fragmentation methods all displayed varying degrees of start site bias. The KAPA Frag reagent for Enzymatic Fragmentation used in the HyperPlus workflow performed significantly better than Fragmentase (NEBNext workflow) and the tagmentation-based Nextera workflow.
Start site bias potentially impacts library diversity (number of unique reads representing each genome position). Other library construction parameters that impact library diversity are the amount and quality of input DNA (identical for all four methods in this study), and the efficiency with which sequenceable adapter-flanked molecules are generated. Library amplification only creates duplicates (but is necessary to complete adapter sequences and/or generate a sufficient amount of material for QC and sequencing if the input into library construction is low), and can profoundly skew the ratio in which unique adapter-flanked fragments are represented in the final library due to intrinsic biases of DNA polymerases. Besides factors intrinsic to the sequencing platform, these are the primary determinants of coverage depth and uniformity, and ultimately the amount of sequencing that has to be done. All of the enzymatic fragmentation methods displayed more start site bias than Covaris ® shearing (the current industry standard). Nevertheless, coverage uniformity plots ( Figure 4 ) and GC bias plots ( Figure 5 ) indicated the following:
• Bias associated with enzymatic fragmentation in the HyperPlus workflow had no impact on overall coverage depth and uniformity, or GC bias-which were virtually identical for HyperPrep and HyperPlus workflows. In the HyperPlus method, minor start site bias is offset by the integrated workflow (which eliminates the physical transfer of material between fragmentation and library construction, and the associated loss of input DNA), and synergy between the fragmentation and library construction chemistries.
• The NEBNext workflow battles with both AT-and GC-rich genomes, whereas Nextera performs poorly with AT-rich sequencepresumably as the result of more biased fragmentation and library amplification. This results in lumpy coverage and coverage hotspots, i.e., over-representation of "easy" (more GC-balanced)
regions and under-representation of "difficult" (AT-and GCrich) regions. With these methods, more sequencing has to be performed to achieve the requisite coverage for these regions, which increases cost and turnaround times.
Integrative Genomics Viewer (IGV) plots ( Figure 6 on p. 6) illustrate the impact of different library construction methodologies on a more local level, for specific regions of the genome. Coverage tracks for 7 -8 kb portions of the C. difficile toxin genes (tcdA and tcdB); and an 11 kb genomic region of B. pertussis spanning genes encoding the pertussis toxin, are given in these examples.
With the HyperPrep and HyperPlus workflows, similar and highly uniform coverage was achieved across each region. The NEBNext and Nextera methods yielded a much more uneven distribution of aligned reads, especially for the AT-rich C. difficile toxin genes.
The NEBNext data has two gaps in the GC-rich B. pertussis toxin encoding region, for which virtually no reads are available. Figure 4 . Coverage uniformity plots. Data for all libraries were down-sampled to ~900,000 reads and coverage calculated using Bedtools. The HyperPrep and HyperPlus workflows yielded highly similar coverage profiles, with a sharp peak and negligible tails for all three bacteria, indicating uniform coverage. In contrast, the NEBNext and Nextera workflows yielded a broader distribution for the genomes with unbalanced GC content, and/or lower mode coverage depth. Figure 5 . GC-bias plots. Plots were generated with Picard CollectGCBiasMetrics. Gray histograms represent the distribution of genomic GC content for each bacterium, calculated for the reference sequence in 100 bp bins. GC bias was assessed by plotting normalized coverage for each bin-for the HyperPrep, HyperPlus, NEBNext, and Nextera workflows. If all sample-to-data processes (fragmentation, adapter addition, library amplification, cluster amplification, sequencing, and data analysis) were completely unbiased, all bins would be equally represented, i.e., the plot for each workflow would be a horizontal distribution centered on a normalized coverage of 1.
For C. difficile, near-perfect data was obtained for both the HyperPrep and HyperPlus workflows. In contrast, bins with a more balanced GC content (30 -50% GC) were over-represented in the NEBNext and Nextera C. difficile data, at the expense of bins with extremely low GC content (<30% GC). The NEBNext and Nextera workflows generally performed better in balanced and slightly GC-rich regions (40 -65% GC), as compared to AT-rich regions. All workflows performed poorly with respect to the extremely GC-rich (>70% GC) bins of B. pertussis, where limitations inherent to the sequencing technology start to dominate. 
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De novo Assembly
Microbial WGS often requires de novo sequence assembly, e.g., when a reference genome is not available or novel genes are being interrogated. Since longer inserts with a tight size distribution facilitate de novo assembly, library construction protocols that provide for tunable fragmentation and size selection are essential. All three of the ligation-based library construction methods used in this study (HyperPrep, HyperPlus, and NEBNext) met these criteria, whereas the Nextera protocol offered significantly less flexibility.
The four library construction methods were compared with respect to key de novo assembly metrics, namely number of contigs, length of longest contig, and N50 length (Figure 7) . The HyperPrep and HyperPlus workflows outperformed NEBNext and Nextera with respect to all metrics.
The GC-rich B. pertussis genome proved to be the most difficult to assemble from data generated with all four methods, with more and shorter contigs and a significantly lower N50 length as compared to the E. coli and C. difficile genomes.
Despite the fact that the HyperPrep and HyperPlus methods yielded the shortest mode fragment length (see Table 3 on p. 4), higher and more uniform coverage translated to fewer and longer contigs, and longer N50 lengths, particularly for the AT-rich C. difficile genome. The HyperPlus method performed similarly or better than the industry-leading HyperPrep method across all three assemblies, confirming that minor start site bias associated with enzymatic fragmentation is efficiently offset by other benefits of the integrated workflow. Figure 6 . Selected IGV plots. Coverage tracks generated with the HyperPrep, HyperPlus, NEBNext, and Nextera workflows, for 7 -8 kb portions of the two C. difficile toxin genes, tcdA and tcdB, and an 11 kb region containing pertussis toxin-encoding genes. Each magenta (read 1) and purple (read 2) line represents a trimmed, aligned read. Gray plots represent coverage depth, whereas the colored track at the bottom of each plot represents the DNA sequence (A = green, C = blue, G = yellow and T = red). Areas of low or lumpy coverage for the AT-rich C. difficile toxin genes with the NEBNext and Nextera workflows are highlighted, as are two regions of the GC-rich pertussis toxin genomic region for which virtually no reads were obtained with NEBNext. . De novo assembly metrics. The HyperPrep, HyperPlus, NEBNext, and Nextera workflows were compared with respect to three key de novo assembly metrics. De novo assembly is achieved by the appropriate arrangement of overlapping contigs (collections of overlapping reads without gaps). High coverage depth and uniformity, and low bias results in longer and fewer contigs, and longer N50 lengths, which facilitate assembly. The N50 length is a weighted median contig length (50% of the entire assembly is contained in contigs equal to or larger than this value).
Meeting the challenges of large-scale genome projects
The 100K Pathogen Genome Project is an innovative collaboration between the US Food and Drug Administration (FDA); the University of California, Davis; Agilent Technologies, and the Centers for Disease Control and Prevention (CDC). The project aims to create the largest public database of foodborne pathogen draft genomes-to support public health and research activities related to pathogen surveillance and outbreak management; the diagnosis and epidemiology of emerging pathogens, microbial genome variation and evolution, and new gene discovery.
The 100K Project originally selected the KAPA HTP Library Preparation Kit (Roche) for library construction, due to the high library construction efficiency and coverage uniformity achievable with Kapa's optimally formulated and evolved enzymes, and highly-optimized "with bead" protocol. Approximately 10,000 draft genomes have been assembled to date from libraries prepared with this chemistry. However, mechanical shearing proved to be a major bottleneck in establishing a fast and robust sample preparation pipeline, prompting the transition to the streamlined, fully automatable HyperPlus workflow, with integrated enzymatic fragmentation.
Initial evaluation of the HyperPlus workflow focused on the quality and utility of data generated using Kapa's novel enzymatic fragmentation solution instead of Covaris ® shearing. Routine quality control analysis (not shown) confirmed that the standard workflow with post-ligation size selection produced high-quality sequence data. Slight bias in the nucleotide distribution for the first 10 positions of trimmed reads was observed, but this did not appear to have any impact on the uniqueness or GC content distribution of reads.
De novo assembly data for fourteen representative genomes, spanning a genome GC content range from 30 -70%, are given in Table 4 . Average coverage was high (~170X) and very consistent across all the genomes. Calculated GC content correlated extremely well with predicted GC content, where available. The number of assembled contigs ranged between 10 and 80, with Vibrio (43% GC) proving the most difficult to assemble. The average N50 length for the set of assemblies (426,813) was significantly (3X) longer than the N50 length achieved in the comparative library construction experiment described earlier.
With the HyperPlus workflow, automated liquid handling, and high-throughput QC assays, the turnaround time for 96 samples, from isolated DNA to sequencing-ready pool, has been reduced by approximately 50%, with a concomitant improvement in success rates. A higher degree of multiplexing (384 libraries/lane) is currently being implemented to further optimize coverage and overall sequencing cost.
